The tropical Far East has many outcrops of ultramafic rock including very large areas in Sulawesi (c. 8000 km 2 ) and New Caledonia (c. 5500 km 2 ). The outcrops occur under several different climates, and give rise to a range of soils, the characteristics of which are reviewed. The vegetation on them is very varied. Under the same climate one can find grassland, scrub, and both short and tall rain forests. The variation in species richness on the ultramafics is difficult to explain. The degree of endemism varies too; it is probably less dependent on soil characteristics than on historical factors. The causes of the various unusual types of vegetation on ultramafic outcrops are discussed. It is possible that the somewhat dwarfed forests result from a shortage of one or more major nutrients or from very high soil Mg/Ca quotients or high Ni concentrations. The distinct 'maquis' vegetation of New Caledonia, and probably ultramafic scrub elsewhere, has evolved in relation to not only the soil chemical factors just listed but also periodic fire and varying degrees of drought. Fires are certainly more important than was once thought and the adverse soil factors may have a role in delaying recolonisation. The plant chemistry is notable for the presence of species which hyperaccumulate certain elements, notably Ni. This phenomenon is discussed in relation to its ecological importance, which may be protection of the hyperaccumulators against herbivores. The need for a conservation policy for the ultramafic areas is stressed, and mention is made of the restoration work on sites damaged by nickel mining in New Caledonia.
1975). However, he emphasized that there was a lot of variation in stature and species-richness. Later workers, e.g. Proctor et al. (1988 Proctor et al. ( , 1989 Proctor et al. ( , 1994 Proctor et al. ( , 1997 found the vegetation on ultramafic rocks so variable that they did not consider it feasible to recognise a distinct rain forest formation associated with such rocks.
The purpose of this review is to summarize knowledge of pedogenesis on ultramafics, to describe the flora and vegetation on them in the tropical Far East (strictly within the latitudes of 23°N and 23°S), the region defined by Whitmore (1975) , to summarize what is known of the chemistry of the soils and plants, to assess the causes of variation in the vegetation, to discuss the phenomenon of hyperaccumulation, and to mention briefly work on restoration of the vegetation on areas damaged by Ni-mining. At all stages the discussion will be dominated by work from New Caledonia, which has large areas of ultramafics, and is by far the most thoroughly studied. Work on micro-organisms of ultramafics, e.g. those of , , Jaffré et al. (2001) and Mercky et al. (1997) , is not reviewed.
This paper supersedes an earlier account of the subject matter (Proctor 1992) .
Pedogenesis
The pattern of pedogenesis is strongly related to climate. A useful summary of the rainfall regime over much of the tropical Far East has been given by Whitmore (1975) . Data for the principal sites discussed in this paper are given in Table 1 . The driest area with described ultramafic vegetatation is central Queensland (rainfall 800-1000 mm yr ). The seasonality of rainfall varies from site to site (Table 1) . Trescases (1969a Trescases ( , b, 1973 Trescases ( , 1975 Trescases ( , 1976 identified two main phases in the weathering process: first a removal of Si and Mg and a concentration of Fe in welldrained profiles, and secondly a recombination of Si and Mg to form 2:1 type smectite clays at the bases of slopes, where excess SiO 2 recrystallizes to form quartz or chalcedony, and excess Mg is precipitated as a crust of its carbonate (giobertite). The first phase occurs only in wet conditions and forms ferralitic soils (oxisols ; Latham 1975b) , whilst the second phase occurs in dry conditions and leads to the formation of 'sols bruns eutrophes hypermagnésiens', which include inceptisols and vertisols. The oxisols of New Caledonia are much more extensive than the present climate would lead one to expect, and presently are forming only in parts of the south of the island (Trescases 1969a) . Latham (1975a, b, c) provided a detailed account of soil formation at a range of altitudes on the Boulinda massif on the west of New Caledonia. This mountain (summit at 1330 m) is a mass of peridotite resting on serpentinite. There are 'sols bruns eutrophes hypermagnésiens' at the base of the mountain, oxisols above them up to 1200 m, and above them there are various 'sols á accumulation humifère' with a layer of mor humus. There is much variation within each of these categories, and soil zonation and morphology are often complicated by erosional events which move materials and truncate profiles.
Ultramafic oxisols vary in depth according to their topographic position, and on slight slopes they are often several metres deep. They have coarse-textured surface horizons; the lower horizons have a sandy-clay texture with a high proportion of fine sand. They have a well-developed micro-porosity and a good water re- 
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-800-1000 68% rain (Nov-Mar) 9.2 (Jul) 31.9 (Jan) serve. They are composed principally of oxides and hydroxides of Fe which are often accompanied by high concentrations of Cr, especially in the gravelly horizons. Low concentrations of Ca and Si are found in all the profiles, while the concentrations of Mg and Ni increase with depth. The soils are acidic, and have a low cation exchange capacity (CEC). There are low concentrations of exchangeable bases in all the horizons. Even that of Mg 2+ , the dominant exchangeable base is fairly low. The French classification system distinguishes several types of New Caledonian oxisols including 'sol ferralitique érodé', 'sol ferralitique à gravillons et à cuirasse' and 'sol ferralitique remanié colluvionné'.
'Sols bruns eutrophes hypermagnésiens' are often shallow on slopes, but on flat ground are deeper (>50 cm). They are stony and have numerous fragments of weathering rock at the surface. The clay content is much higher than in the oxisols, but there is still a substantial proportion of sand. The soils have a pH around neutral and a high CEC, which is dominated by Mg 2+ ions; there are relatively low concentrations of Ca 2+ and K + . The organic layer of the montane 'sols á accumulation humifère' is at least 10 cm thick and often much thicker. It has a very low pH (often <3 in a paste), and a low base saturation with Mg 2+ the most abundant basic cation.
Ultramafic oxisols have also been recorded in Sabah: near Ranau by Fox & Tan (1971) and on Gunung Silam by Proctor et al. (1988) . They are also extensive in the Solomon Islands (Lee 1969) and Sulawesi (Parry 1985) . 'Sols eutrophes bruns hypermagnésiens' occur as inceptisols and (above about 800 m) there are on Gunung Silam (Proctor et al. 1988 ) 'sols á accumulation humifère' as dystropepts (Bruijnzeel et al. 1993) . 'Sols á accumulation humifère' have been reported from low altitudes (350 m) on the Solomon Islands by Lee (1969) and M. Latham (unpubl. data) , and from high altitudes (2000-2800 m) on Gunung Kinabalu, Sabah (Burnham 1984) . Skeletal soils that have the chemical features of 'sols eutrophes bruns hypermagnésiens' occur on Gunung Piapi (Proctor et al. 1994) and Mount Bloomfield in the Philippines (Proctor et al. , 1999 (Proctor et al. , 2000a Fig. 1) . In central Queensland the climate is drier (Table 1) and Forster & Baker (1997) recognised six soil groups which occurred in a distinctive toposequence. According to the USDA Soil Taxonomy these are (descending from a highest point of 438 m): Haplustox, on mountain and hill crests and upper slopes; Ultisol/Alfisol, on crests and slopes of hills; Haplustoll, on lower slopes and footslopes; Haplustoll, on footslopes and colluvial/alluvial fans; Haplustert, on broad alluvial fans and plains; and narrow alluvial flats; and Ustic Endoaquert, on swamps and floodways in alluvial plains. Not every soil group was present on each catena. The pH's in the surface horizons varied from 6.5 (Ultisol/Alfisol) to 8 (Ustic Endoaquert) and Mg/Ca quotients from 0.4 (Haplustoll on footslopes and colluvial/alluvial fans) to 10 (Ustic Endoaquerts).
A summary of the chemical properties of some examples of the ultramafic soils is given in Table 2 . However, as Quantin et al. (1997) have demonstrated along catenas on two hills in New Caledonia, the sort of information shown in Table 2 cannot reveal the full complexities concerning the availabilities of the elements to plants.
Vegetation and flora
Various different areas are considered in an anti-clockwise sequence from New Caledonia via the Solomon Islands, Papua New Guinea, Talaud Islands, the Philippines, Sabah and Sulawesi to Australia, thus starting with the area studied most intensively and ending with that where studies have been begun only recently. It will be seen that generalisations about the vegetation and flora are very difficult to make and each site has its own peculiarities.
New Caledonia
The vegetation and flora of the ultramafic soils are better known for New Caledonia than for any other tropical country. The ultramafic soils occupy about one third of the land area (c. 5500 km 2 ). About 4500 km 2 of this area is occupied by a vegetation-type somewhat misleadingly called 'maquis'. The term 'maquis' is used because the vegetation has a superficial resemblance to true maquis, which is developed under the influence of human intervention in a winter-wet, summer-dry climate in the Mediterranean Basin. The New Caledonian maquis occurs from sea level up to 1600 m and under annual rainfalls varying from 900 to 4000 mm. It is evergreen, 2-8 m tall, more or less bushy or with a dense sedge layer, and has many variants including some forms transitional to forest. Jaffré (1980) classified the maquis into three main physiognomic types.
(a) 'Le maquis arbustif' occurs at the bases of mountains on 'sols bruns eutrophes hypermagnésiens'. It is a thicket of varying density with small shrubs (<3 m tall) and a low sedge understorey.
(b) 'Le maquis buissonant' is found on 'sols ferrallitiques gravillonaires ou cuirassés' on plateaux above 200 m altitude. It has a more or less continuous cover of much-branched shrubs (<3 m tall), and virtually no understorey herbs.
(c) 'Le maquis ligno-herbacé' occurs on mountain slopes and valley basins at all altitudes (0-1600 m) on slopes and on flat ground on 'sols ferrallitiques remaniés par erosion ou colluvionement'. It is characterized by a herb layer of large sedges and by a discontinuous layer of shrubs (<2 m tall).
These three types of maquis may develop into a tall maquis ('maquis paraforestier') that has an open tree canopy (<8 m) composed of a few species (Gymnostoma, Tristaniopsis, Acacia) that rarely exceed 20 cm dbh with an understorey of shrubs.
Each of the types of maquis has numerous physiognomic and structural variants in response to different altitudinal and edaphic conditions. Although maquis is diverse, and may have different origins, there are several unifying features. For example, most species are sclerophyllous, and have nanophylls to microphylls (i.e. 25-2000 mm 2 in area). Hairy leaves, narrow leaves and scented leaves are all very common. Many species have near-vertical leaves at the branch ends and this, in combination with the spreading and widely separated branches gives a striking 'candelabra' appearance which has evolved independently in many of the larger shrubs and small trees. Most of the Table 2 . The pH, loss-on-ignition, extractable P, exchangeable K, Ca, Mg, and Ni, cation-exchange capacity and base saturation in surface soil samples at principal ultramafic sites and a site on greywacke in tropical South-East Asia (-, no data (Jaffré 1980) . 2, New Caledonia: sol ferralitiqué érodé (Jaffré 1980) . 3, Indonesia, Mount Piapi: in stunted forest, combined data for authors' plots 1 & 2 (Proctor et al. 1994) . 4, Indonesia, Mount Piapi: in grassland/scrub, combined data for authors' plots 3 & 4 (Proctor et al. 1994) . 5, Philippines, Mount Bloomfield: data for forest on non-ultramafic greywacke (Proctor et al. 2000a ). 6, Philippines. Mount Bloomfield: data for forest (Proctor et al. 2000a ). 7, Philippines, Mount Bloomfield: data for scrub (Proctor et al. 2000a ). 8, Philippines, Mount Giting-Giting: data for forest at c. 350 m (Proctor et al. 1998 ). 9, Malaysia, Sabah, Mount Silam: data for forest at 330 m (Proctor et al. 1988 ). 10, Malaysia, Sabah, Mount Kinabalu: data for forest at c. 2700 m (Proctor et al. 1988 ).
maquis species (including those with big taproots) have a well-developed superficial root system (Jaffré 1980 ). Maquis species when tested on fertile soils have always been shown to be inherently slow growing although some of the smaller maquis species can become much larger under good conditions of moisture and fertility (Jaffré 1980) .
The degree of contrast between the maquis vegetation on ultramafic soils and the vegetation on other soils varies. Jaffré (1980) has stressed that the vegetation overlying the ultramafic rock is not necessarily lower, more stunted or sparser than that on other substrates nearby. Boundaries between basalts or siliceous rocks and ultramafics usually involve an abrupt change from a savanna or open maquis to a denser, taller, shrubby maquis on the ultramafic soils. Such changes involve big floristic differences and are most dramatic where 'sol bruns eutrophes hypermagnésiens' occur. Jaffré (1980) made an intensive study of 455 relevés in maquis from the south of the mainland and from the Boulinda massif on the west central part of the mainland. He showed that the floristic richness and the specificity of the flora to ultramafic soils was highest in maquis on the 'sol bruns eutrophes hypermagnésiens' and much less on the oxisols and hydromorphic soils.
Evergreen rainforests are found widely on non-ultramafic soils (c. 2750 km 2 ) and ultramafic soils (c. 600 km 2 ) at between 300 and 1000 m under rainfalls ranging from 1500 to 3500 mm per year. In the wetter eastern part of the island they extend below 300 m, but are restricted to valleys sheltered from fire. The ultramafic rainforests are found most commonly on steep slopes on eroded oxisols or skeletal rocky soils and are rare on 'sols bruns eutrophes hypermagnésiens' or on deeper oxisols. This is partly because the 'sols bruns eutrophes hypermagnésiens' are found below the forest limit, and partly because the deeper oxisols are in nickel-rich areas where mining has damaged the vegetation. The canopy is generally 15-20 m high. The forests are often dominated by gymnosperms: Agathis lanceolata in the south and on the Boulinda massif, and several different Araucaria species elsewhere. The herb layer consists mainly of ferns and orchids; grasses and sedges are rare. The forest understory includes palms, Prunus spp. (Rosaceae) and Psychotria spp. (Rubiaceae). Lianes and hemi-epiphytes are rare. Some species, by their abundance or distinctive appearance have been used to distinguish particular forest types, e.g. Jaffré (1980) recognised an Arillastrum (gum oak, Myrtaceae) facies, an Agathis ovata facies, a Nothofagus facies, and an Araucaria facies.
Montane evergreen rainforests, with a canopy 3-8 m high, occur under high rainfall (>3500 mm per year) above c. 1000 m on eroded oxisols. They are often rich in gymnosperms and in the south of the island are dominated by Araucaria humboldtensis. The individual trees have bent trunks with many epiphytes, and many species have small leaves which are scleromorphic or hairy. On the 'sols á accumulation humifère' (Latham 1975a) there occurs a stunted montane forest, dominated by Metrosideros dolichandra (Myrtaceae), which has a rich flora of bryophytes, filmy ferns and lichens.
Forests which are on a boundary between ultramafic and other rock types often show no obvious differences and a detailed study may be required before the line of separation can be recognized. Where the boundary is between schists and ultramafics however those on the latter have a lower and denser canopy.
The New Caledonian flora was regarded by Takhtajan (1969) as being one of five floristic subkingdoms of the Old World tropics, and its relative richness must be viewed against a background of great climatic, geological and topographic diversity. There are c. 3090 species on the archipelago, and 76% are endemic. Despite covering only 33% of New Caledonia, ultramafics support 60% of the total phanerogamic flora. The 'maquis' alone has c. 1140 species of which 1019 are endemic. For rainforests there are 1360 species of which 596 species are restricted to ultramafic soils (96% endemic to New Caledonia; Jaffré et al. 1997) . A high proportion of the large tree species on ultramafic soils are not restricted to them. The ultramafic soils are also characterized by absences, the most notable of which are introduced species (often important on other substrata and including the Caryophyllaceae) but some indigenous species (many Asteraceae and Poaceae, one species of Myrtaceae and some of Verbenaceae) are also restricted to non-ultramafic rocks.
The ultramafic rocks of New Caledonia have been dated at the Eocene/Oligocene boundary. Their emplacement was slow and did not involve the extinction of ancient taxa which were thus able to adapt to the new rock type. Several palaeoendemics are found including the ancient gymnosperms Dacrydium guillauminii, Decussocarpus minor and Neocallitropsis panchen which were almost certainly once more widespread and now survive on the ultramafics of the south of the island where competition for light is probably less severe. There are also many neoendemics in genera that have shown active speciation since the Oligocene.
Solomon Islands
The following account is based on Lee (1969) and Whitmore (1969) . Ultramafic rocks occur on several of the islands and have a combined area of about 1040 km 2 . The intact forest is poor in species and dominated over large areas by Casuarina papuana or Dillenia crenata (which is absent from the island of Choiseul), and a few other species all of which grow scattered through the other forests. Only four species are known to be restricted to the ultramafic soils: Galubia hombronii (Arecaceae), Myrtella beccarii (Myrtaceae) on Santa Isabel Island only in the Solomons (but also recorded by van Royen 1960 in New Guinea), Pandanus lamprocephalus on northeast San Cristobal Island only, and an undescribed species of Xanthostemon (Myrtaceae). Van Royen (1960 described some aspects of the vegetation of the ultramafic outcrops that occur along the northern coast of Waigeo Island and also on a number of outcrops along the northern coast of the mainland. Much of the vegetation is unusually open and shrubby in an area where tall rain forest would be expected. In some places there are extensive stands of a Casuarina species. This unusual vegetation occurs on 'purple-reddish soil' with high concentrations of Cr, Co and Ni and gives way to rain forest precisely at the boundary between this soil and others with lower concentrations of these elements. Van Royen (1963) commented that the unusual vegetation may be maintained by fire. Elsewhere on Waigeo, van Royen (1960) has described rainforest "on lateritic loamy hills with an underlying limestone or ultrabasic mother-stone". This forest is dominated with Vatica papuana (Dipterocarpaceae) and has very abundant Dillenia spp., Intsia bijuga (Fabaceae), Adina multiflora (Naucleaceae) and Myristica spp. Locally, Agathis labillardieri (Araucariaceae) also dominates substantial areas of this forest.
Papua New Guinea
Paijmans (1976) has commented that "throughout Papua New Guinea ultrabasic rocks in particular and, less obviously, limestone appear to be correlated with the presence of dense, thin-stemmed, small-crowned and often low forest. Ultrabasic rocks often have a topography of steep, straight slopes with unstable, shallow and chemically poor soils, and hence have thinstemmed forest. However, forest tends to be denser and smaller crowned than average hill forest also on ultrabasics that have a general topography and deep soils." He commented further, "In Papua New Guinea there is no evidence that any tree species is confined to either ultrabasic rock or limestone. Casuarina papuana is commonly predominant in forest over ultrabasic rocks and occasionally in forest on limestone, but this species has a wide ecological range and is not restricted to any particular rock type or soil." Lam (1927) described the vegetation of the ultramafic Mount Piapi which is on the middle part of the eastern coast of the central island of the Talauds, Karakelong. The summit of the mountain was mapped at 690 m. In general the vegetation of Karakelong on non-ultramafic rocks is rain forest. The upper part of Mount Piapi however has a vegetation which is among the most remarkable on ultramafic soils in the Far East. This mountain has a fairly long, undulating north-west/south-east oriented ridge which is covered by a short yellowish-green vegetation of grasses, shrubs and small trees which makes a peculiar contrast with the dense dark green forest around it. There is a small remnant of slightly higher forest where the slope is less steep, at Panansaran.
Indonesia: Talaud Islands
The vegetation looks of an alpine type at an altitude as low as 150 m. The exposed slopes are covered with dense short clumps of the grass Themeda gigantea mixed with a few ferns, sedges and orchids. Locally there are small shrubs and occasionally taller shrubs and small trees. The pandan Pandanus tectorius is widespread. Lam (1927) claimed "The impression of an alpine flora was so strong, that I thought myself time and again on a high mountain top close to the tree line. There were 'Kruppelholz' trees with irregular, chaotic, dense twigs, often of a black to light-grey colour; and small hard leathery leaves, closely packed, especially at the branch ends; and several Myrtaceae and a species of Vaccinium." Lam (1927) listed 58 species of vascular plants from the more open areas of Gunung Piapi. The 58 species could be categorized into four groups based on their probable origin: (I) plants from rain forest, (II) plants from dry areas with low vegetation, (III) plants from the coastal flora, and (IV) plants from an alpine flora. The Group II plants (23 species) seemed pre-adapted to this area, but those of Group I (19 species) are in an unusually dry environment. Group III (6 species) includes those which are likely to have suffered drought from osmotic stress (and may be preadapted to the high Mg/Ca quotient of ultramafic soils since in sea water, in milliequivalents, this quotient is about 5). Group IV (10 species) is perhaps the least expected and raises the question of its origin. Mount Piapi is the highest mountain in the Talaud Islands and these alpine species are related to more or less remote species. None of the named species is endemic to the ultramafic outcrop although Lam (1927) felt that some of the unnamed taxa might be new species. A revised species list for Mount Piapi was given in Holthuis & Lam (1942, pp. 107-108) , and it is clear that many of the species in Lam (1927) were re-identified. The revision was particularly thorough for Group IV (alpine origin) and there is doubt about the existence of a truly alpine element in the Piapi flora. Holthuis & Lam (1942) found that of seven Talaud endemic species three (Canthium sp. and Gynochthodes sp., Rubiaceae; Dendrobium dimorphum, Orchidaceae) were restricted to Piapi. Mount Piapi was revisited in 1991, and Proctor et al. (1994) found that the vegetation appeared to be much as Lam (1927) had described it; they also provided further floristic information on some of its less stunted forests.
Philippines
The Philippines have substantial areas of ultramafic rocks (Madulid & Agoo 1997) . Two sites have been studied in some detail: Mount Bloomfield in Palawan ( Fig. 1) and Mount Giting-Giting, Sibuyan Island (Fig. 2 ). An extreme type of stunted forest occurs on Mount Bloomfield with sclerophyllous trees of 2-3 m high at low altitude (c. 170 m). Podzorski (1985) commented that the heavy-metal-indicators, Scaevola micrantha (Goodeniaceae), Brackenridgea palustris var. foxworthyi (Ochnaceae) and Exocarpus latifolius (Santalaceae) occurred here about 500 m below their normal altitude on metalliferous soils and that Bloomfield might have new species of Chionanthus (Oleaceae), Guioa (Sapindaceae), Gymnostoma (Casuarinaceae), Syzygium (Myrtaceae) and Terminalia (Combretaceae).
The Bloomfield studies of Proctor et al. (1997 Proctor et al. ( , 1999 Proctor et al. ( , 2000a compared the forests and scrub on the ultramafic rocks with those of an adjacent site on greywacke. A forest profile diagram showing the changes across the geological boundary was published by Proctor & Nagy (1992) . On the greywacke the forest was moderately tall, with trees up to 26 m, dense (93 individuals per 0.1 ha), and had a high basal area (5.22 m 2 per 0.1 ha) with trees up to 82 cm diameter. On the serpentinized peridotite, the trees were shorter (up to 18 m), less dense (71 individuals per 0.1 ha) with trees up to 46 cm dbh. Only 13% of the trees on the greywacke had microphylls compared with 47% on the serpentinized peridotite. The two forests were identical in having 38 species per each 0.16 ha and the indices of diversity (2.91 on the greywacke, 3.16 on the serpentinized peridotite) were similar. Only one species, an unidentified Madhuca (Sapotaceae), occurred in plots on both sides and there were considerable differences in the family composition on crossing the geological boundary. The families which accounted for at least 5% of the individuals on the greywacke but were not recorded from the serpentinized peridotite were the Dipterocarpaceae, Loganiaceae, Symplocaceae and Thymeleaceae. The families which accounted for at least 5% of the individuals on the ultramafic side of the boundary were the Burseraceae, Chrysobalanaceae, Ebenaceaeae, Lauraceae and Rhizophoraceae.
The ultramafic forest became more stunted with altitude so that at 170 m a.s.l. there was an ultramafic scrub 2-9 m tall and very locally there were open grassy patches with no woody plants ( On Mount Giting-Giting the forest was studied at four altitudes by Proctor et al. (1998) . In the lower montane forest at about 350 m the trees were up to about 32 m tall and at about 860 m, up to about 15 m tall. In the upper montane forests the maximum tree heights were about 10 m at 1240 m, and the same at 1540 m (Fig. 2) . The family diversity was very high and apart from the Araucariaceae which had 37% of the basal area in one plot at 1540 m and the Myrtaceae with 72% in the other plot at the same altitude no family was dominant. The species richness was very high in the two lowest forests sampled: with 80-100 species per 0.25 ha at 350 m, and 98-111 species per 0.25 ha at 860 m. Above that there were 38 species per 0.25 ha at 1240 m, and 7-13 species per 0.065 ha at 1540 m. From 1550 m to the summit of Giting-Giting (c. 2050 m) the vegetation could be seen to be grassland and scrub but was not studied because access was dangerous.
Malaysia: Sabah
The most famous sites of ultramafic rock outcrops in Sabah are in the area of Mount Kinabalu where ultramafic forests have been compared with those on sandstone or granite. Fox & Tan (1971) described rainforests on ultramafics in the Ranau area of Kinabalu at 520-760 m altitude. The general forest canopy level 31-34 m with emergent: was up to 55 m. There was a middle storey of trees 15-28 m in height and the understorey was locally dense. Climbers were present, though not large or frequent. In six 0.04 ha plots there were 132 trees above 9.7 cm dbh and four trees which exceeded 58 cm diameter. The largest tree in the general area was an individual of Artocarpus melinoxylus (Moraceae) which had a diameter of 121 cm. The recorded emergent trees were in the Dipterocarpaceae, Moraceae, Meliaceae, Burseraceae and Sapotaceae. The ultramafic forest was distinguished by the smallcrowned appearance in aerial photographs. Of the tree species, Fox & Tan (1971) claimed that only Dipterocarpus ochraceus was confined to the ultramafic soils: all the large trees were found elsewhere; D. ochraceus is now known not to be confined to ultramafic soils and no member of its family is so restricted (Proctor et al. 1988) .
There are various notes on the flora of the ultramafic soils of the Kinabalu area in Meijer (1965) . He recorded several species of Dipterocarpaceae at about 610 m. Near the summit (about 1220 m) of the ultramafic hill, Bukit Hampuan, he recorded mossy forest at a much lower altitude than on nearby sandstone and quartzite ridges where it begins to occur at about 1830 m. He noted a local abundance of the thin climbing bamboo Racemobambos, "a genus which tends to be common on ultrabasic but on higher altitude it may occur on sandstone or quartzite". Some species of rattans (not named by Meijer 1965) were described as being typical for this forest. Borneodendron anaegmaticum (Euphorbiaceae) which is endemic to Sabah and recorded only on ultramafic substrata was recorded from Bukit Hampuan (Meijer 1971) . Meijer (1971) mentioned some Kinabalu species which also occur on ultramafic rocks in the Philippines: Buxus rolfei (Buxaceae) (which also occurs on the lowland ultramafic rocks on the island, Pulau Sakar, off the east coast of Sabah, near Gunung Silam); Euonymous glandulosus (Celastraceae), Pittosporum pentandrum (Pittosporaceae) and Scaevola spp. (Goodeniaceae). Meijer (1965) discussed the abrupt contrast on the boundary between sandstone and ultramafic rocks at about 2450 m and reported that "The soil is much barer than on the sandstone, Dipteris (Dipteridaceae) is completely lacking, Leptospermum flavescens (Myrtaceae) is replaced by L. recurvum, Dacrydium gibbsiae (Podocarpaceae) takes over from D. beccarii. The small leaved Rhododendron ericoides (Ericaceae) starts here." The most dominant features in the shrub layer are the dark green Dacrydium gibbsiae and the greyish Leptospermum recurvum. This combination of species is very peculiar for the ultramafics at this altitude. However all the species (including herbs not mentioned here) except Dacrydium gibbsiae and Schizaea fistulosa occur on the granite above the ultramafics. In some places Meijer (1965) found that the soil was almost barren with just tufts of Euphrasia borneensis, Schoenus curvulus and Machaerina micrantha. Meijer (1964) also recorded clear cut boundaries between forest on ultramafic rocks and that on sandstone at the base of the Mesasau Mountains: "Many of the dipterocarps with large crowns, occurring on the sandstone are completely replaced by other species on the ultra-basic. The differences are especially striking in colored air photographs during flowering of the lowland dipterocarp forest on sandstone, with Parashorea malaanonan and Dryobalanops lanceolata in full bloom. These species strictly avoid the ultrabasic."
Over the last two decades there has been much Japanese work on Kinabalu. Sato (1985) has given further floristic information on the forests of the ultramafic area and showed diagramatically that it is of much lower stature than that at higher altitude on non-ultramafic rocks. Aiba & Kityama (1999) quantified many of the forest attributes and found that ultramafic forests and non-ultramafic forests were similar at 700 m in structure, generic and familial composition and tree species diversity but became dissimilar with increasing altitude. The decline in stature with altitude was steeper on the ultramafic substrata than on the non-ultramafic and the former were less diverse in tree species at and above 1700 m. Takyu et al. (2002) studied the changes in forest form and floristic composition associated with the effects of topography on sedimentary and ultramafic rocks on Mount Kinabalu and showed that they were less marked on ultramafic rock.
A plot at 112 m on the wholly ultramafic Mount Silam (altitude 884 m) was described by Vareschi (1980) . He showed species-rich large stature forest with emergents up to 60 m. Later work by Proctor et al. (1988 Proctor et al. ( , 1989 investigated the structure and floristics on ten plots ranging from 280 to 870 m on a main ridge. Over this narrow altitudinal range the vegetation changed from large stature lowland dipterocarp forest to stunted myrtaceous forest from which the Dipterocarpaceae were absent. Proctor et al. (1988) could find no obvious edaphic causes of the rapid altitudinal changes and ascribed them to an unexplained 'Massenerhebung effect' or more correctly in this instance -'a coastal proximity effect' - (Bruijnzeel et al. 1993) . Proctor et al. (1988) quantified many features of the forest and it was established that the lower forest had emergent trees with broad crowns and mesophylls. Leaf size tended to decrease with altitude and there was a rapid reduction of crown width above 330 m. Gunung Silam is very species-rich and the 0.24 ha plots at 610 m and 700 m both had 91 species of tree (>10 cm dbh). Only two of the tree species (Borneodendron anaegmaticum (Euphorbiaceae) and Buchaniana arborescens (Anacardiaceae) on Gunung Silam are known to be restricted to ultramafic soils although it is possible that more might be found if the taxonomy of large genera such as Eugenia were better known. There is more evolutionary response amongst the palms and bamboos on Gunung Silam. J. Dransfield (pers. comm. 1985) recorded 15 palm species from the mountain of which one (Salacca sp. nov.) has been recorded from nowhere else; a further six species or varieties occur elsewhere but only on ultramafic soils; and one is variable but suspected to have varieties restricted to soils on this substratum. In addition, S. Dransfield (pers. comm. 1985 ) recorded a bamboo on Gunung Silam which is confined to ultramafic soils.
There is a contrast between the vegetation on Gunung Silam and that described for other ultramafic rocks in the Western Tawau and Lahad Datu districts of Sabah. Wright (1975) gave the following description: "These forests have a similar appearance on aerial photographs to Heath forests. The trees are low and dense and few exceed 120 cm in girth or 12 m in height." One forest was described by him as being "rich in Tristania grandifolia" which was recorded from Gunung Silam by Proctor et al. (1988) and is a species which is frequent in heath forests. Fox (1972) recorded pure stands of Casuarina nobilis from lowlying sites on ultramafic rocks on islands in Darvel Bay, a few km from Gunung Silam.
Indonesia: Sulawesi
Van Balgooy & Tantra (1986) have described briefly some of the forests over ultramafic rocks in southern Sulawesi mainly around the Lake Matano area. This part of Sulawesi has three large lakes and unusually the ultramafic area is studded with small lakes and ponds. The area has many endemic species. Lake Matano has shores on ultramafic and limestone rocks. The ultramafic shore has forest, mostly <15 m tall, and dominated by one family, the Myrtaceae. The canopy is formed by Metrosideros petiolata and Xanthostemon confertiflorum (also often seen as a shrub). There is a Kjellbergiodendron which may be a new taxon, and locally Eugenia and Tristania species. Also among the taller trees they noted Gluta papuana (Anacardiaceae), Gymnostoma sumatrana (Casuarinaceae), Planchonella spp. (Sapotaceae) and a local endemic Terminalia supitiana. The Rubiaceae are well represented with small trees (up to 4 m) and shrubs including species of Timonius, Canthium and Gardenia. Several other trees and shrubs were noted including Buchanania arborescens (Anacardiaceae) which occurs on Gunung Silam and is restricted to ultramafic substrata in Sabah. On ultramafic rocks near the village of Soroako the forest is characterized by a regular canopy 25-40 m high. Formerly there were large emergent Agathis species which have now been felled. The bulk of the forest is made up of a few families with the Myrtaceae represented by species of Eugenia, Kjellbergiodendron and Metrosideros.
The forest at Batu Besi, on particularly iron-rich ultramafics rocks, resembles some types of heath forest which have been described from Sarawak and Brunei by Brünig (1974) and from Kalimantan by Kartawinata (1980) . The Batu Besi forest is 10-15 m tall, with straight trunks widely spaced, rarely exceeding 20 cm dbh with few climbers or epiphytes. The soil consists of solid rock and stones of various sizes, and is covered by a thick layer of bryophytes and no undergrowth apart from a few seedlings. The forest is very species poor. The tallest trees include Hopea celebica (Dipterocarpaceae) and especially abundant Austrobuxus nitida (Euphorbiaceae). Other common smaller trees belong to the Myrtaceae (Eugenia and Xanthostemon) and Myristicaceae (Horsfieldia).
Further notes on the flora of the same general ultramafic area have been made by Meijer (1984) .
Australia
The documentation of the vegetation of the eastern Australian ultramafics began relatively recently, e.g. by Batianoff & Specht (1992) for Queensland, and Davie & Benson (1997) for New South Wales. In central and south-eastern Queensland they occur under a rainfall of c. 640-1050 mm, and c. 80% of the outcrops are covered with Eucalyptus savannas. Riverine 'openforests' are common on serpentinite, and they are dominated by Casuarina cunninghamiana. Semi-evergreen vine thickets (3-7 m tall, sometimes called 'closed forests' or 'rain forests') occur rarely. In central Queensland, where ultramafic outcrops cover c. 1000 km 2 , Batianioff & Singh (2001) compared the plant communities at lower-slope sites, which have younger deeper soils, and upper-slope sites, which have older in-situ soils. They recognized five plant communities on the former, and nine on the latter, which included 'tall open forest with rainforest understorey' and 'semi-deciduous rainforest'. The flora of ultramafics in this area is the most diverse on this rock type in Australia, and it comprises 553 native species (19 endemic to ultramafic rock) in 322 genera and 94 families (Batianoff & Singh 2001) .
Leaf chemistry Macronutrients and sodium
Extensive foliar analyses for maquis and forest plants from ultramafic soils in New Caledonia have been reported by Jaffré (1980) . Foliar chemical data are summarized in Table 3 . These involved the analyses of nearly 5000 oven-dry leaf samples from more than 500 species. In the New Caledonian maquis, the mean foliar N concentration was about 1.0%, in the forests it was about 1.4%. Some species had very low values (the lowest was 0.34%) and N concentrations of more than 2% were rare. Many forest species had more than 2% foliar N, however. The mean foliar P concentrations were 0.03% in the maquis and 0.04% in the forest: the lowest values were 0.008% (Cyperaceae, in maquis) whilst the highest was 0.094% (Elaeocarpus sp., in forest). Potassium was usually low in maquis species (0.59-0.81%) and was higher in the leaves of forest species. Sodium concentrations varied greatly and there was no clear difference between maquis and forest species: most species had between 0.01% and 0.5% Na but one species had 2.57% of this element and several had concentrations exceeding 0.80%. The mean foliar Ca concentrations were about 1.0% for maquis species whilst for forests the value was more than 1.4%. Some ferns had as little as 0.15% foliar Ca, whilst the highest values recorded were about 5.6%. For Mg there was no clear difference between maquis and forest species: the mean foliar concentra- Table 3 . The means of element concentrations in mature leaves of a large number of tree species in several ultramafic and one non-ultramafic site in the tropical Far East (-, summary data not available). (Jaffré 1980) . 2, Indonesia, Mount Piapi: scrub (plot 1) on shallow soils (Proctor et al. 1994) . 3, Indonesia, Mount Piapi: forest (plot 6) on deeper soils (Proctor et al. 1994 ). 4, Malaysia, Mount Silam: forest at 330 m (Proctor et al. 1989) . 5, Philippines, Mount Bloomfield: forest on non ultramafic greywacke (Proctor et al. 2000b ). 6, Philippines, Mount Bloomfield: forest on ultramafic (Proctor et al. 2000b ). 7, Philippines, Mount Bloomfield: scrub on ultramafic (Proctor et al. 2000b) .
tions were about 0.35%. Few species had more than 1% Mg whilst the lowest values were in the Cyperaceae which were less than 0.1%. Most species had a Mg/Ca quotient of less than 1, the highest value for this quotient was 5.
There were some patterns discernible in macronutrient concentrations. Some species which had very low P had also less than 1% N, K and Ca. The Cyperaceae and Proteaceae had notably low concentrations of K and Ca. The Cunoniaceae had very low K concentrations. The families which generally had low macronutrient concentrations were: the Epacridaceae, Myrtaceae, Sapindaceae and Sapotaceae. Those which had high concentrations of macronutrients were the Apocynaceae, Rubiaceae and Rutaceae.
A comparison of species foliar concentrations between maquis types on different soils showed that N, K and Mg had higher concentrations on the 'sols bruns eutrophes hypermagnésiens' and lowest on various types of oxisol. Even on the hypermagnesian soils, in the majority (68%) of species the Mg/Ca quotient was less than 1. For P, Na and Ca there were no important differences in the overall means and ranges from one maquis type to another. In some cases comparisons were made between foliar concentrations within the same species for individuals on different soils. For these species there were no clear differences for N, P and K but Ca was lowest and Mg highest on the 'sols bruns eutrophes hypermagnésiens'.
In general, when compared with foliar concentrations of species from non-ultramafic soils, the species on the New Caledonian ultramafic soils have low concentrations of N and Ca, very low concentrations of P and K, and relatively high concentrations of Na and Mg. The concentrations are lower in the maquis than in the forest. Proctor et al. (1988) gave analytical data on foliar concentrations for trees on Gunung Silam, Sabah. There are many similarities with the results for New Caledonia but the Silam trees are distinctive in their low K concentrations. Foliar Ca concentrations on Silam were generally less than those of Jaffré (1980) but as for New Caledonia, the foliar Mg/Ca quotient was usually less than unity. On Gunung Piapi (Proctor et al. 1994 ) and on Mount Bloomfield (Proctor et al. 2000b ) the macronutrient analyses showed no remarkable features beyond low P concentrations in the Bloomfield scrub.
Manganese and nickel
A feature of the New Caledonian flora is the wide range of Mn concentrations; 20% of the species had less than 50 µg g -1 whilst 21% had more than 1000 µg g -1 and nine species had more than 10,000 µg g -1
. The highest value recorded was 50,000 µg g -1 in Macadamia neurophylla (Proteaceae) (Jaffré 1980) . The Proteaceae on ultramafic soils in New Caledonia often have high Mn concentrations: 50% of the species had more than 1000 µg g -1 and no species had less than 1000 µg g -1 . It is remarkable that several individuals showed a marked Mn accumulation even when they grew on basic or less acidic soils from which Mn should have a low availability. On non-ultramafic soils the Proteaceae show a tendency to accumulate Al. Mn accumulation was recorded for eleven other families, including the Apocynaceae (Brooks et al. 1981) , apart from the Proteaceae. The species Eugenia clusioides (Myrtaceae) and Maytenus bureauiana (Celastraceae) were similar to the Proteaceae since they also could accumulate Mn from slightly acid soils. Some families always had low Mn concentrations: the Dilleniaceae (very low), the Escalloniaceae, Flacourtiaceae, Leguminosae, Rubiaceae and Rutaceae. Maquis species (29% of which had more than 1000 µg g -1 ) tended to have higher concentrations of this element than those of the forests (where 14% of the species had more than 1,000 µg g -1 Mn). On sols bruns eutrophes hypermagnésiens and the oxisol type sols ferrallitiques érodés most maquis species had less than 250 µg g -1 Mn and 7% and 9% respectively of their species had more than 1000 µg g -1 of this element. On sols ferrallitiques colluviaux 32% of the species had more than 1000 µg g -1 whilst on sols ferrallitiques gravillonaires ou courassés 46% of the species exceeded this value.
On Gunung Silam, Proctor et al. (1989) Of the species, analysed for foliar Ni, from New Caledonian ultramafic soils, Jaffré (1980) reported that 8% had less than 10 µg g -1 , 60% had 10-100 µg g -1 , 27% had 100-1000 µg g -1 and 5% had more than 1000 µg g -1 . Of the 48 species which have more than 1000 µg g -1 Ni, nine had more than 10,000 µg g -1 foliar Ni. The highest concentrations of nickel for any part of any species is the 257,400 µg g -1 found in the oven-dried sap of the New Caledonian Sebertia acumi-New Caledonia. The phloem tissues of the stem of Phyllanthus balgooyi had >90,000 µg g -1 Ni on a dry weight basis. The Dichapetalum had >25,000 µg g -1 Ni and the other two species accumulated Ni in the order of 6000-8000 µg g -1 . Only one Ni hyperaccumulator, Rinorea sp. nov., with a foliar Ni concentration of 1830 µg g -1 was recorded from Mount Piapi (Proctor et al. 1994) .
High >1000 µg g -1 Ni values have also been recorded in other species from sites in south-east Asia including Dichapetalum gelonioides ssp. tuberculatum from an old herbarium specimem from Mount Giting-Giting, Sibuyan Island, Philippines (Baker et al. 1985 (Baker et al. , 1992 Reeves 2003) . New Caledonia has nine species which are known to accumulate more than 10,000 µg g -1 Ni. Other examples from the ultramafics of the tropical Far East including the Dichapetalum and Phyllanthus discussed above are Planchonella oxyhedra (Sapotaceae) (Wither & Brooks 1977 ) Rinorea bengalensis (Violaceae) both of Indonesia (Brooks & Wither 1977) , and Stackhousia tryonii (Stackhousiaceae) in Queensland (Batianoff et al. 1990) .
A review of tropical hyperaccumulators of metals, including Mn and Ni, and their potential for phytoextraction, has been published by Reeves (2003) .
The causes of the unusual vegetation of the ultramafic areas in the tropical Far East
This subject must be discussed against the backdrop that not all the ultramafic vegetation is distinctive physiognomically and floristically, and that it and the degree nata (Sapotaceae) (Jaffré et al. 1976 ). High-Ni species are found in the soils which have higher concentrations of this element. The lowest Ni concentrations occurred in the leaves of shrubs on les sols ferrallitique cuirassés ou gravillonaires where only 10% of the species had more than 50 µg g -1 nickel and none exceeded 250 µg g -1 . In the maquis on les sols bruns eutrophes hypermagnésiens and in the maquis lignoherbacés on ferrallitic soils half the species had less than 50 µg g -1 Ni and 10% of the species had more than 250 µg g -1 Ni. In the maquis on sols ferralitique érodés 40% of the species had less than 100 µg g -1 Ni, 25% had more than 250 µg g -1 and 10% had more than 1000 µg g -1 . The New Caledonian forests have a high proportion of species with high concentrations of foliar Ni. Thus 41% of the forest species had more than 100 µg g -1 Ni and 9% of the forest species had more than 1000 µg g -1 .
In the tree species on Gunung Silam, Sabah, Proctor et al. (1989) found nearly all had less than 50 µg g -1 foliar Ni and only two species had more than 250 µg g -1 Ni. The highest value recorded was 1000 µg g -1 in one individual of Shorea tenuiramulosa, the first record of Ni accumulation in the Dipterocarpaceae.
Four Ni hyperaccumulators were found on Mount Bloomfield (Baker et al. 1992) : Brackenridgea palustris ssp. foxworthyi (Ochnaceae), Dichapetalum gelonioides ssp. tuberculatum (Dichapetalaceae), Phyllanthus balgooyii (Euphorbiaceae) (Hoffmann et al. 2003 ; Fig. 3 ) and Walsura monophylla (Meliaceae). Phyllanthus balgooyii was exceptional in having a greencoloured sap (Fig. 4) ; the only other Ni accumulator which does so is Sebertia acuminata (Sapotaceae) from of endemism are very variable. Additionally there has been very little experimental work and one is forced to draw conclusions from soil and plant analyses which can be very difficult to interpret. From work in temperate areas four main factors have been implicated as important in causing distinctive ultramafic vegetation: low soil nutrients, a high soil Mg/Ca quotient, high concentrations of soil Ni and a low soil water-holding capacity. A fifth factor, fire, has emerged from studies on a number of sites in the Far East. The five factors will be discussed separately but it must be recognised that all might act singly or in any combination Low nutrients Jaffré (1980) felt that low concentrations of macronutrients (except Mg) were the most constant general cause of infertility in the ultramafic soils of New Caledonia (Table 2) , and this most clearly applies to K in the maquis. The frequency of sclerophylly in the maquis is indicative of low soil nutrients although non-sclerophyllous taxa are abundant in ultramafic rain forests (Jaffré & Veillon 1991) . Jaffré (1980) also cited the diversity of foliar nutrient concentrations over the range of species he analysed as showing that there are many mechanisms by which native species have adapted to the low nutrient concentrations. However, it must be pointed out that non-ultramafic soils in New Caledonia often have low nutrient concentrations too but of course have a different flora and hence low nutrients cannot be a general cause of the distinctiveness of New Caledonian ultramafics. Some support for a role of low nutrients was provided by Batianoff et al. (1997) who studied the height and percent overstorey FPC (Foliage Projective Cover) in the Central Queensland ultramafic Eucalyptus savannas. They found that they increased linearly as the concentrations of foliar N, P, K and Ni increased. This suggests that major nutrient concentrations may play some role in controlling the structure of these savannas (and of course argues against a role for Ni toxicity). Further support has been provided by Kitayama et al. (2000) who have shown much lower soil P in the ultramafic soils of Mount Kinabalu compared with those on other substrata. Kitayama et al. (1998) also showed that in situ net soil nitrification was greater on sedimentary than on ultramafic rock at the same altitudes at 800, 1400, 2700 and 3100 m, although the differences were not significant at 2100 m. For net nitrogen mineralization a similar situation occurred except that there were no significant differences in rates at 2700 m also. Kitayama et al. (1998) suggested that controls of soil N-mineralization might be mainly temperature and waterlogging for the sedimentary rock soils and phosphorus for the ultramafic soils.
However, even though the ultramafic Mount Bloomfield soils were relatively low in extractable P and K they provided no evidence to support the hypothesis that low soil nutrients were related to vegetation stature which ranged from grassland to forest which was 26 m tall. When compared with those on greywacke they had generally a higher pH, loss-on-ignition and concentrations of all elements analysed except K. Furthermore fairly large stature forest has been reported from Sibuyan Island, Philippines, on ultramafic soils with lower extractable P and K concentrations than under scrub on Mount Bloomfield (Proctor et al. 1998 ).
High Mg/Ca quotients
There has been little suggestion that Mg, the only macronutrient in excess, particularly in 'sols bruns eutrophes hypermagnésiens' and similar soils, is important. This is in contrast to work in temperate areas where acute magnesium toxicity (when accompanied by low Ca concentrations) has been experimentally demonstrated (e.g. Proctor 1971; Nagy & Proctor 1997) .
In New Caledonia vegetation surveys (Jaffré 1974; Jaffré & Latham 1974; McCoy 1998) have indicated little floristic similarity between communities on eroded oxisols (low Mg) and 'sols bruns eutrophes hypermagnésiens' (high Mg). This suggests that the former communities are intolerant of the high Mg soils although other factors may be involved (McCoy 1998) . The absence of the communities of 'sols bruns eutrophes hypermagnésiens' on eroded oxisols may reflect limitations of dispersal, or an effect of the higher Ni and Mn in the latter soils perhaps involving competition from species tolerant of these elements.
There is a suggestion that high soil Mg may be important in the intriguing example given by Wright (1975) of an ultramafic soil in Sabah under 'forest rich in Tristania grandifolia' which had an exceptionally high Mg/Ca quotient of 265 and a cation-exchange complex saturated with Mg 2+ ions. Plant analyses have shown an apparently limited Mg absorption in many species and a tolerance of high tissue concentrations in a few others (Table 3) . There seemed to be no correlation between foliar and soil Mg and Ca and forest stature at Mount Bloomfield (Proctor et al. 1999) or Central Queensland (Batianoff et al. 1997 ) although a study in New South Wales (Davie & Benson 1997) suggested that high Mg concentrations along with low nutrients may be involved in the barreness of the ultramafic sites.
Nickel toxicity
Soil analyses reveal elevated concentrations of available and total Ni in nearly all the ultramafic soils (Table 2 ). It is odd that this element is not featured in the Japanese work on Mount Kinabalu discussed earlier and we have no information on plant available Ni except the low value of 0.7 µg g -1 exchangeable Ni in a single sample from 2700 m (Proctor 1992) . There are data showing c. 2000 µg g -1 total Ni in soil samples from the Kinabalu area however (Fox & Tan 1971) . In many places Ni would seem likely to be a major floristic and physiognomic determinant but experience from temperate areas suggests this may not be straightforward (Proctor & Nagy 1992) .
Relatively high soil Ni concentrations are perhaps most important in New Caledonia, particularly since many of its oxisols have a low pH and a relatively high organic matter which are factors conducive to high Ni availability (McCoy 1998) . Additionally, so many New Caledonian species have developed the hyperaccumulator response to Ni that some influence of this element is likely. Jaffré (1980) observed Ni toxicity in Avena sativa (Poaceae) growing in a peridotite soil and found 160 µg g -1 Ni in the leaves. The same author observed Ni toxicity in Deplancheana sessiliflora (Bignoniaceae) growing in mining areas which matched the symptoms in experiments in which he added Ni to natural soils. Proctor et al. (1999) used Zea mays (Poaceae), as a bioassay on soil from scrub on Mount Bloomfield (a site with at least four Ni hyperaccumulators) and found a positive response to major nutrients (as would be expected for a crop with a high nutrient requirement) and a smaller less significant effect on the addition of Ca. The most marked response in plant element concentrations to fertilizer additions was for Ni, which was greatly reduced in all addition treatments. However, this reduction was not necessarily accompanied by a large growth response. According to Cooper (1978) , who assayed 108 Zimbabwean soils with Zea mays, "a critical level of 20 mg/kg for exchangeable nickel in soils and of 10 mg/kg for nickel in leaves existed above which dry matter yield of maize was significantly depressed". These concentrations were exceeded in the Bloomfield experiment, especially in the case of plants growing on the unfertilized soil. However, the maize leaves on the unfertilized soil did not show the interveinal chlorosis characteristic of Ni toxicity and moreover there was no growth response to Ca. Since Ca ameliorates Ni toxicity in maize (Robertson 1985) , a more marked Ca effect would have been expected if Ni were important. Papaya (Carica papaya) was observed growing on skeletal soils on Bloomfield again suggesting that there is no acute soil toxicity (Fig. 5) . It should be noted that the ultramafic soils on Bloomfield were relatively calcareous and that Ni toxicity in them may be thus prevented naturally. The experiments of L'Huillier (1997) ) are toxic to maize but the toxicity will always depend on the background concentrations of other elements (e.g. Becquer et al. 1997; Nagy & Proctor 1997) . Batianoff & Singh (2001) in Central Queensland found that species richness decreased while endemism increased as soil Ni increased but there were other differences among the areas which were compared and it is uncertain if soil Ni is the primary cause of the species' differences. Batianoff & Singh's (2001) data sit uneasily with the earlier implication (Batianoff et al. 1997 ) that Ni was not a factor for the vegetation in ultramafic Eucalyptus open forests.
There is always a possibility that Ni may have a chronic rather than an acutely toxic effect. Certainly its toxicity is related to the concentrations of accompanying Ca 2+ and Mg 2+ ions as has been discussed by Proctor & McGowan (1976) , Robertson (1985) and . A detoxification mechanism for Ni was suggested by the comparisons of Proctor et al. (1989) of metal concentrations in fresh leaves and leaf litterfall fom Gunung Silam. Although the mechanism of excretion is speculative the suggestion gains credibility since for most elements, fresh leaf concentrations were higher than those for litterfall but for Ni the reverse was true. The effect was greatest in the plot at 330 m where there was a mean fresh-leaf nickel concentration of 32 µg g -1 and a litterfall Ni concentration of 420 µg g -1 . Proctor et al. (1989) concluded that resistance to ultramafic soils was achieved without excessive metabolic cost for the lowland rainforests of Mount Silam. They found that the rates of diameter increment and of small litterfall were not unusually low on this mountain in spite of the high Mg/Ca quotients and Ni concentrations in the soil. Interestingly the rates of tree mortality and herbivory on leaves were not especially low either.
Soil water
In the south of the New Caledonian mainland at the boundary between ultramafic rocks and gabbro or granodiorite there is little change in the vegetation cover but many hygrophilous species which occur on both sides of the boundary are found only in hollows on the ultramafics. Jaffré (1980) has suggested that physical factors might be important in controlling the distribution since the non-ultramafic soils have more clay and hold water better. Jaffré (1996) showed that Melaleuca quinquenervia savanna on clayey coastal sediments gives way abruptly to drought tolerant maquis ligno-herbacé on the drier oxisols at the base of ultramafic ranges. He further pointed out that maquis formations may be replaced by less drought adapted forest and rainforest in valleys.
On Mount Bloomfield graphs of maximum canopy height of the different vegetation samples showed no relationship with any of the soil chemical variables including available P, exchangeable Mg/Ca quotients, and exchangeable Ni, but showed a clear linear relationship with values of wet season plant-available water (Proctor et al. 1999) . The floristic contrasts within the ultramafic plots on Bloomfield may at least partly result from differences in water supply, as the soil chemistry is similar (Table 2) . Soil depth (and presumably water availability) was also related to vegetation types at the ultramafic site on Mount Piapi (Lam 1927; Proctor et al. 1994) . The relatively large forests (< 650 m in altitude) on Mount Silam (Proctor et al. 1988 ) and those (< 400 m altitude) on Mount GitingGiting (Proctor et al. 1998) were on soils at least 1 m deep and occurred under much less seasonal climates than those of Mount Bloomfield. Seasonality is not necessarily the key factor however since the climate of Mount Piapi which has impressively stunted vegetation is not very seasonal (Table 1) . Bourdon et al. (1997) have demonstrated the likely importance of a compacted horizon (10-20 cm deep) in restricting the effective soil volume and water supply in some New Caledonian oxisols.
Fire
Droughts are likely to increase susceptibility to fires, as in New Caledonia where most of the 'maquis' of Jaffré (1980) is now believed to be fire derived (T. Jaffré, pers. comm. August 1995). McCoy et al. (1999) have demonstrated that in the Plaines des Lacs region of southern New Caledonia the vegetation is undergoing postfire succession from maquis to forest. Gymnostoma deplancheanum has a key role as an early colonist that produces shade, the bulk of the litter, and forms N-fixing nodules. However, the open canopy of the Gymnostoma and slow litter decay creates flammable conditions. Forest and rain forest are less flammable and models suggest that fire frequency determines the abundance of maquis vs. forest. Records from late Pleistocene sediments suggest that fire has been a major determinant since before the arrival of humans although anthroprogenic fires are now a major threat to rainforest species. A similar explanation seems likely to apply for Mont Do area of New Caledonia for which Perry et al. (2001) have made a spatial model of landscape scale vegetation dynamics. The model indicates the importance of fires in maintaining the 'maquis' but suggests that low soil nutrients may greatly slow post-fire succession to forest -a conclusion supported by the additional work of Enright et al. (2001) . This finding may have wide implications for the ultramafic vegetation of the tropical Far East generally. For example the different facies of Mount Bloomfield's scrub may well reflect differences in time since the last fire . It is further possible that the low vegetation on Mount Piapi may result from fire and it is intriguing that the word 'api' in Malay means 'fire'. Although Mount GitingGiting is forested up to about 1550 m (Mayo's Peak) the forest stops abruptly and the ridge to the summit (2050 m) is covered by grassland and scrub (Fig. 2) . This again may have been caused by fire and the na-1978; Sägner et al. 1998) , malate (Mathys 1977) , oxalate (Mathys 1977) or amino acids (Krämer et al. 1996) , translocation and compartmentalization may present the only direct metabolic costs for metal-based defences. These costs are likely to be low compared with those involved in carbon-based defences (Davis et al. 2001) . Experiments on the defences of the New Caledonian nickel-accumulator Psychotria douarrei have been made by Davis et al. (2001) . They found that this plant surprisingly had more organic defences than a non-accumulating species, Ficus webbiana, from the same habitat. Possible explanations for this are that the defence systems are synergistic or that the organic defences may protect against self-poisoning by nickel. Clearly, the earlier conclusions which implied that metal defence against herbivory was straightforward need revision.
It is relevant that there was no evidence of reduced herbivory in the Sabahan Ni hyperaccumulating dipterocarp species Shorea tenuiramulosa (Proctor et al. 1989) , or that of Ni hyperaccumulators from Palawan (Proctor et al. 2000a,b) . It may be that the hyperaccumulators protect against generalist herbivores, although these might well be resistant by diluting the Ni to non-toxic concentrations in their food. Specialist herbivores such as the leaf miners and gall-forming insects on Ni hyperaccumulators reported by Proctor et al. (2000b) must be able to tolerate high Ni concentrations. Mesjasz-Przybylowicz & Przybylowicz (2001) have shown that the phytophagous beetle Chrysolina pardalina is able to complete its entire life cycle for several generations feeding exclusively on leaves of the South African hyperaccumulating plant Berkheya coddii.
Concluding remarks
The vegetation of the ultramafic rocks of the tropical Far East is, with the notable exceptions of Central Queensland, New Caledonia and a few small sites elsewhere, very poorly described and inadequately known taxonomically. As a result it is difficult to formulate conservation plans and priorities even though there are likely to be many threatened species on ultramafics. Van Balgooy & Tantra (1986) have pointed out the need to conserve vegetation over ultramafic rocks since it is a potential source of important chemicals for medicinal and other uses.
The vegetation is variable and the causes of the variation are not yet explained. It is still not certain why ultramafic soils should bear scrub in some areas and well-developed forest in others although the influence of fire combined with droughts, a shortage of nutrients and toxic soils seems likely to be involved. Simiture of the soil is making recovery slow. A similar explanation might apply to the Casuarina stands observed in Darvel Bay (Fox 1972 ) and the Tristania grandifolia forest recorded from Sabah (Wright 1975) . Whitmore (1969) following on from van Royen (1960 Royen ( , 1963 had early recognised that the stunted ultramafic vegetation in some rain forests may reflect succession after burning. He concluded that on the relatively dry island of Santa Isabel (and locally elsewhere) fires have caused extensive destruction of the forests on ultramafic soils and this has resulted in open heaths dominated by ferns (Gleichenia spp.), the clubmoss Lycopodium cernuum and Commersonia bartramia (Sterculiaceae).
The importance of element hyperaccumulation
Most of the research on the phenomenon of hyperaccumulation has been made for Ni and the following account is restricted to this element. There is no evidence that high concentrations of Ni are essential for hyperaccumulators although it is required at extremely low concentrations by all plants (Brown et al. 1987) . Jaffré (1980) . There are no great differences in major nutrient concentrations in hyperaccumulator species (Jaffré 1980) and there is no correlation between the Ni concentrations and those of any other elements (Lee et al. 1977) . Jaffré (1980) discussed the suggestion that Ni hyperaccumulation may be part of an adaptation against drought but has concluded that this is unlikely since most of the New Caledonian hyperaccumulator species occur in forests (which are better supplied with water than maquis) and also in cultivation the hyperaccumulators are sensitive to dryness. Boyd & Jaffré (2001) have shown that the litter and surface soil under the New Caledonian Ni hyperaccumulator Sebertia acuminata is greatly enriched in Ni and have suggested that this could constitute a system of Ni allelopathy which would give Ni hyperaccumalators a competitive advantage. A further possibility is that Ni hyperaccumulation may render leaves toxic to herbivores as suggested by Boyd & Martens (1992) , and it is this 'metal defence' hypothesis for a role for Ni accumulation that has received most support (Boyd & Martens 1998) .
Because metals such as Ni are complexed with common metabolic products such as citrate (Lee et al. larly species richness can vary greatly from pure stands of Casuarina nobilis in one part of Sabah (Fox 1972) to very species-rich forest on Mount Silam in the same country (Proctor et al. 1988 (Proctor et al. , 1989 ) although again fire may be a key factor. It is not obvious why ultramafic substrata should be associated with such a high degree of specificity to the substratum in New Caledonia (Morat et al. 1984 (Morat et al. , 1986 and to a much less degree elsewhere (Proctor et al. 1989 ). The sporadic occurrence of Mn and Ni hyperaccumulation remains mysterious along with the functional significance of these phenomena, although protection against herbivory seems a possible explanation.
There is a need for experimental work although there are immense practical difficulties if trees (other than at the seedling stage) are involved. Unfortunately, if the experiments produce the same results as have been found in temperate work (Nagy & Proctor 1997) one may be left with the uninspiring conclusion that each site or microsite is unique in its chemical and physical factors and that each species shows unique adaptations to ultramafic soil resisitance! -It would nevertheless be useful to know more: even the existence of special ultramafic races of widespread species remains to be demonstrated for the Far East.
Although cultivation of ultramafic soils is generally avoided by local farmers (Binnie et al. 1979; Wall et al. 1979; Baillie et al. 2000 Baillie et al. , 2001 ) some ultramafic areas are coming under cultivation in reponse to increasing population pressure. There are large areas of ultramafic rocks in Indonesia which are designated by the Government of Indonesia for agricultural development and a study of the chemistry and potential of their soils is of importance. The cultivation of such soils is occurring in the Philippines. Parry (1985) has cautioned against any attempt to cultivate ultramafic soils without more research. Baillie et al. (2000) have pointed out that in view of the great differences in fertility and potential toxicity between ultramafic and non-ultramafic soils it is regrettable that neither of the two main international soil classifications differentiates them satisfactorily. Some analyses of the soils (e.g. Proctor et al. 1988) have shown an increasingly unfavourable chemistry with depth and hence they may be very difficult to manage if their surface layers are eroded. Detailed work on the agricultural problems of ultramafic soils is being carried out in New Caledonia (e.g. Bonzon et al. 1997 ) but the problems of potentially toxic concentrations of nickel and other elements in the crop tissues will remain.
A welcome development in the study of ultramafic vegetation in the Far East is the successful practical rehabilitation experiments on severely damaged areas of nickel mining in New Caledonia (e.g. Jaffré et al. 1997; Luçon et al. 1997; Sarrailh 1997; Watt et al. 1997 ). This work has had limited relevance for the understanding of the causal factors for New Caledonia in general. This is because the soils are different from those occurring naturally; there have been blanket applications of fertilisers or organic matter or both, and a tendency to use exotic species. There is no doubt that the mine spoil is low in nutrients and a favoured way forward is now to combine endemic colonizer species with N-fixing species.
